Abstract -The formation of thin-film solid solutions of erbium in silicon and synthesis of erbium silicides were performed using continuous implantation of silicon with erbium ions followed by pulsed ion-beam treatment. Structural and optical properties of formed Si:Er layers were studied by Rutherford backscattering, transmission electron microscopy, and low-temperature photoluminescence. The dependences of erbium redistribution, the microstructure of Si:Er layers, and their photoluminescence in the near-IR region on the erbium concentration and pulsed treatment conditions were determined.
INTRODUCTION
One of the promising directions in the development of silicon structures emitting in the range of 1.5-1.6 μ m is Si doping with rare-earth Er atoms. Due to intracenter optical transitions between 4 I 13/2 4 I 15/2 levels in the Er 3+ ion, luminescence at the wavelength λ = 1.54 μ m is characterized by a narrow line and is almost independent of the temperature and matrix with introduced Er atom [1] . The method of ion implantation is widely employed to form light-emitting Si:Er solid solutions [2] and erbium silicide films on silicon promising for use as Schottky barriers in microelectronics [3] . A significant disadvantage of the method of ion implantation is considerable damage of the Si lattice during introduction of heavy Er + ions. To eliminate radiation damage and to optically and electrically activate an impurity, high-temperature annealing ( T > 900° C) is usually performed. However, along with elimination of simple defects, such heat treatment can result in the formation of more complex defects (dislocations, dislocation loops) [4] and erbium silicide precipitates which decrease the efficiency of Er luminescence. Moreover, high-temperature annealing causes rapid diffusion of Er atoms to the Si crystal depth, which creates difficulties in the fabrication of light-emitting diodes due to strongly spread profiles of introduced atoms.
Pulsed treatment of implanted Si layers by nanosecond laser, ion, or electron beams can be an alternative to thermal annealing. Pulsed treatment allows localization of annealing of an amorphous material over its depth (smaller than 1 μ m) and area. Moreover, due to high melting and crystallization rates, pulsed exposures result in the formation of epitaxial layers with a lowered defect level [5] . It should be noted that the use of pulsed treatment of Si:Er layers is rarely reflected in the literature [6] , which stimulates studies in this direction. In this work, we studied the features of pulsed ionbeam treatment (PIBT) of Si layers implanted with Er + ions.
EXPERIMENTAL
With the purpose of forming thin-film Si:Er solid solutions and erbium silicides, n -Si(100) wafers grown by the Czochralski method were implanted with 100-keV Er + ions to doses Φ = 10 16 and 10 17 cm -2 at room temperature. To eliminate radiation defects, Si samples were subjected to PIBT. A pulsed accelerator generated nanosecond ( τ = 50 ns) ion beams with energy E = 300 keV, consisting of carbon (~80%) and hydrogen (~20%). The total ion dose per pulse did not exceed 10 13 cm -2 . The energy density ( W = 1-2 J/cm 2 ) and the number of pulses ( N = 1-10) were varied during PIBT. In addition to PIBT, Si samples were subjected to 20-min thermal annealing (TA) at T = 800° C.
The depth distribution of implanted Er atoms after ion implantation and PIBT was studied by Rutherford backscattering (RBS), including ion channeling, using a 2-MeV helium beam. The microstructure and phase composition of Si:Er layers was studied by transmis-sion electron microscopy (TEM). Photoluminescence (PL) of Si:Er layers was studied in the near-IR range (1-1.7 μ m) at T = 77 K. The PL signal was excited by continuous radiation of an argon laser ( λ = 514.5 nm) with power P = 200 mW. PL was recorded using a BOMEM Fourier spectrometer with a cooled germanium detector.
RESULTS AND DISCUSSION Figure 1 shows unoriented and oriented (Si 〈 100 〉 ) RBS spectra of Si samples after ion implantation with various doses and PIBT. We can see that, due to the low implantation energy, Er atoms are concentrated in a narrow range corresponding to the Gaussian peak near the surface. Spectrum processing shows that the Er peak halfwidth and amorphous Si layer thickness increase with the dose from 55 and 110 nm for Φ = 10 16 cm -2 to 80 and 130 nm for Φ = 10 17 cm -2 , respectively. We can see from Fig. 1a that PIBT results in epitaxial recrystallization of the amorphous Si layer (helium ion beam channeling in the range of channels 450-500) and in displacement of an Er atom fraction to the surface (the narrow peak ~30 nm thick (segregation)) and to the Si crystal depth (diffusion). The segregation effect is caused by low Er solubility in Si ( ~10 16 cm -3 ); the small width of the Er peak is caused by the high velocity (~1 m/s) of the crystallization front during hardening of the silicon melt. This effect is more pronounced at lower implantation doses ( Φ < 10 16 cm -2 ), where almost all impurity atoms are displaced into a thin surface peak to 30 nm thick. In contrast to Si, channeling in the Er peak (channels 750-800) is absent after PIBT, which indicates interstitial Er atom positions in the Si lattice.
In the case of high-dose implantation (Fig. 1b) , PIBT results in significant suppression of Er segregation to the surface, since the Er concentration in the implanted layer reaches the eutectic point ( ~10 22 cm -3 ), and the coefficient of the impurity distribution approaches unity. In this case, Er atoms mostly diffuse to the Si crystal depth, and the diffusion tail becomes wider as the number of pulses increases. Rapid diffusion of Er atoms in the Si melt with diffusivity D ~ 10 -4 cm 2 /s results in an almost twofold increase in the initial Er peak width; its initial height approximately corresponding to 40 at % Er also decreases almost twice. At such a high impurity concentration, erbium silicides are formed, which is seen by an RBS signal drop near the Si surface (channels 460-500). We note that channeling in the Si region after PIBT is less pronounced in this case; this indicates a certain disorder in the implanted layer, which can be associated with the polycrystalline structure of Si and erbium silicides. The prevalence of diffusion processes over segregation ones and silicide formation at high concentrations of a poorly soluble impurity was also observed in the Si-Fe system during pulsed treatments [7] .
The microstructure and phase composition of Si layers implanted withEr + ions and subjected to PIBT were studied by TEM and microdiffraction methods. Figure 2 shows the bright-field TEM images of implanted Si layers after PIBT. We can see that PIBT results in the formation of a cellular structure of the implanted layer in the case of low-dose implantation ( Φ = 10 16 cm -2 ) (Fig. 2a) . This structure represents large (to 0.2 μ m in size) Si cells (columns) threading to the surface. Erbium (dark areas) is concentrated in walls of these columns in the form of erbium silicide precipitates up to 20 nm in size. Microdiffraction measurements of the cellular structure show the presence of point reflexes associated with silicon and erbium monosilicide (Si:Er), which indicates epitaxial recrystallization of the implanted layer due to PIBT. This result is in agreement with the RBS data (Fig. 1a) where channeling is observed in the implanted layer region after PIBT. The study of the microstructure of implanted 
